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Available online xxxxYttria partially stabilized zirconia (ZrO2)x(Y2O3)½-x has been investigated to understand accommodation of
excess oxygen into its structure. ZrO2 powder with 8 wt% Y2O3 additions was treated in 30 vol% H2O2 solution
to promote oxidation of the material. A new Raman peak was observed after treatment at 840 cm−1, consistent
with previous reports of solid state peroxide ions (O22−). This was corroborated using atomic scale simulation
based on density functional theory; these also highlighted the near-zero solution enthalpy for excess oxygen
in the monoclinic structure via the formation of a peroxide ion defect.
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Peroxide ion defectZirconia is an oxide widely used in both structural and functional
roles. This refractorymaterial exhibits relatively high toughness and ox-
idation resistance, making it suitable in applications ranging from cut-
ting tools [1], bone prostheses [2] to thermal barrier coatings [3]. Its
high ionic conductivity has led to its widespread use as an oxygen sen-
sor in automobile emissions systems and as an electrolyte in solid-oxide
fuel-cells [4].
Zirconia has complex polymorphism with cubic, tetragonal, ortho-
rhombic and monoclinic structures readily observed. Under standard
conditions, pure ZrO2 has themonoclinic structure, however, the tetrag-
onal or cubic polymorph can be stabilized down to room temperature
by adding one of several oxides in various concentrations, including
CaO, MgO, CeO2 and Y2O3. This is revealed by the enlargement of the te-
tragonal and/or cubic phase field in the binary phase diagrams [5]. Of
these binary systems yttria stabilized zirconia is perhaps the most well
studied [6].
Yttria enters solution within the zirconia lattice by creating charge
compensating defects [7]. Yttrium ions have a formal charge of 3+
whilst zirconium ions have a formal charge of 4+. Substitution of Y3+
onto a Zr4+ site requires a positively charged defect. This charge
compensating defect is reported to be half an oxygen vacancy, which
can lead to the formation of the {2YZr′:VO••}× neutral defect cluster [7].
The presence of oxygen vacancies improves the ionic conductivity ofdleburgh).
Acta Materialia Inc.the material – with peak conductivity occurring at approximately
10 at.% Y2O3 additions to ZrO2 providing ionic conductivities similar to
other leading fuel cell oxides including CGO (Ce0.9Gd0.1O1.95) and
BICUVOX.10 (Bi2V1.9Cu0.1O5.35) [8].
Stoichiometry in these ionically-conducting systems is of paramount
importance. Deviations could be detrimental to their behaviour
whether used as solid electrolytes, thermal barrier coatings or as other
functional components. Past work has found that in oxides with cations
that are not readily oxidized (e.g. Zr4+ to Zr5+), the oxygen itself can ox-
idize to accommodate oxygen, in the case of zirconate perovskites [9]
and some fluorite structures [10] this oxidation is accommodated
through the formation of a neutral peroxide ion defect (O22−). Peroxide
ions form readily in group II monoxides [11,12] and theoretical work
has been carried out to understand how stoichiometry can vary in
amorphous ZrO2 compared to its crystalline forms – predicting that ad-
ditional oxygen can be readily accommodated in the amorphous phase
[13].
In this paper the accommodation of excess oxygen into solid solu-
tions of ZrO2 and Y2O3 is investigated both theoretically and experimen-
tally. Commercially available ZrO2 with 8 wt% Y2O3 (YSZ-8) is analysed
using X-ray diffraction and Raman spectroscopy before and after treat-
ment with H2O2 solution. DFT based calculations were subsequently
conducted consistent with the experimental studies, which shed light
on how excess oxygen may be incorporated.
YSZ-8 was obtained from Merck (product number 544779) as a
powderwith particle size b100 nm. Room temperature X-ray diffraction
Fig. 2. Raman spectra for the as-recieved YSZ-8 untreated sample, during treatment with
30 vol% H2O2 and following treatment and drying. The characteristic peaks for the
monoclinic (m) and tetragonal (t) phases of ZrO2 [20] are highlighted in addition to two
extra peaks associated with the H2O2 in solution (# at 876 cm−1) and an extra peak
observed after drying the sample (* at 840 cm−1).
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Aeris X-ray diffractometer with Cu-Kα radiation (λ = 1.5406 Å,
voltage = 40 kV and current = 7.5 mA) and are reported in Fig. 1.
Scans were taken in the 2θ range 10° to 80° at increments of 0.01°
with a time-step of 60s. The X-ray diffraction (XRD) analysis of the as-
received YSZ-8 sample demonstrates the existence of two crystalline
phases: primarily a tetragonal phase (60%) with the remainder made
up of the monoclinic phase (using the same methodology for crystal
phase identification first used by Toraya et al. [14]), consistentwith pre-
vious examinations of this compound [15,16,17]. A finer X-ray diffrac-
tion pattern was obtained on the same material between 72 and 76°
to verify the c/a ratio of the tetragonal phase in order to identify its na-
ture (either the equilibrium phase or the metastable form). Two peaks
were observed in this range at 73.13° and 74.35°, identified as the
(004) and (220) peaks of the tetragonal phase [18] giving lattice param-
eters of a ≡ b= 3.607 Å and c= 5.173 Å. This gives a /a √ 2 of 1.014, in-
dicating that the tetragonal phase resides within the transformable
tetragonal phase as described by Viazzi et al. [18] which also corre-
sponds to a YO1.5 content of 6.4 mol%.
The as-receivedmaterial was heated to 1200 °C for 2 h and then rap-
idly cooled in air back to room temperature. The resulting X-ray diffrac-
tion pattern showed a marked increase of the tetragonal phase to 95%
(the remainder being monoclinic). The peak positions between 72 and
76° did not shift, as is expected in the non-equilibrium phase diagram
according to Chevalier and Gremillard [19] and Fabrichnaya and
Aldinger [20].
To understand the potential for excess oxygen accommodation, the
powder was treated in 30 vol% H2O2 solution for 1 day and 1 week at
5 °C before rinsing in deionized water and drying on filter paper for
24 h at room temperature (similar to [9]).
Raman spectra were obtained using a Bruker Senterra 2 instrument
equippedwith a 532 nm laser. The laser powerwas 25mWand a 50 μm
aperture was used. An integration time of 5 s was applied with 5 co-
additions. The stated spectral resolution was 4 cm−1. Raman spectros-
copywas performed on two sets of samples: the as-received YSZ-8 sam-
ple and the heated sample in dry, wet treated (straight after 30 vol%
H2O2 treatment) and dry treated states.
The Raman spectra for the three states of the as-received material
and the material treated for 1 week are shown in Fig. 2. Raman peaks
for both the monoclinic and tetragonal phases of PTZ are consistent
with previous studies [19,20,21] (and are highlighted in Fig. 2). There
were no observed changes in the characteristic peaks between the sam-
ples, with both tetragonal and monoclinic peaks being discernible and
analysis using the methodology of [21] indicating a tetragonal phase
composition of 55%.
A large peak at 876 cm−1 was observed in the wet, treated sample
which is consistent with the O\\O stretching mode in hydrogen perox-
ide solution [22,23]. A peak remains at 840 cm−1 in the dried sampleFig. 1.X-ray diffraction pattern for the as-received YSZ-8material. Inset shows detailed X-
ray diffraction pattern between 72 and 76° 2θ.that was not present in the original sample (a smaller peak in this
position was also evident in the sample removed from H2O2 solution
after 1 day). This 840 cm−1 peak is consistent with the O\\O peroxide
ion stretching mode reported in previous work in MgO and Mg/BaO
catalysis material reported by Lunsford et al. [11] as well as Su and
Bell [12]. Additionally, the 840 cm−1 peak is consistent with the perox-
ide ion observed in BeO using similar sample preparation techniques to
those used in this study [24]. The peak at 840 cm−1 was still evident
after four weeks (stored at room temperature in a desiccator). The
peak height had diminished to approximately half of the 24 h dried
sample. The peak was not apparent after heat treatment of the sample
at 200 °C for 2 h.
The YSZ-8material that was heat treated to 1200 °Cwas analysed in
a similar manner to the as-received material. Only tetragonal peaks
were observed in the pre-treated sample. After treatment in the hydro-
gen peroxide solution, the peak at 876 cm−1 was observed in the wet
sample, but upon drying, no additional peakswere observedwhen com-
pared to the pre-treated sample (indicating that the mode affiliated
with the additional peak in the non-heat treated sample is associated
with the monoclinic phase).
To further investigate the potential for peroxide ion formation in
YSZ-8, DFT calculations were performed with the Vienna Ab-initio Sim-
ulation Package (VASP) [25–28]. The projector augmentedwave (PAW)
[29,30] library supplied with the software was used with a GGA ex-
change correlation functional described by Perdew, Burke and
Ernzerhof [31,32]. The cut-off energy was set at 500 eV for all calcula-
tions with a Gaussian smearing width of 0.1 eV. The self-consistent
field (SCF) stopping criterion was set to 1 × 10−4 eV and the geometry
optimization stopping criterionwas set at 1 × 10−3 eV. Atomic positions
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minimisation unless stated. In all calculations, a gamma-centred 4 × 4
× 4 k-point grid was set automatically using the Monkhorst-Pack
scheme. Monoclinic and tetragonal polymorphs of ZrO2 doped with
Y2O3 were considered – each with 32 cation sites and 64 oxygen sites.
Two Y atoms were substituted onto two Zr sites in each supercell
(producing a 6.25mol% composition – a good comparison to the exper-
imental material) and charge compensated through the formation of an
oxygen vacancy in a ratio of 2:1 to maintain charge neutrality forming
the {2YZr′:VO●●}x cluster. The arrangement of thedefect cluster is consid-
ered in a similar manner to previous studies [7,33,34].
The solution energy of Y2O3 into the monoclinic and tetragonal
phaseswasfirst assessed in order to identify the lowest energy arrange-
ment of the {2YZr′:VO••}× cluster in the tetragonal and monoclinic struc-
tures. The Y substitutional species were most stable when in a second
nearest neighbour position to the oxygen vacancy whilst being at a
maximum separation from each-other, similar to previous atomic
scale studies [7,35]. Solution of Y2O3 into monoclinic and tetragonal
polymorphs is predicted to proceed with energies of 1.79 eV and
1.09 eV, respectively, via the following reaction (using Kröger-Vink no-
tation [36]):
Y2O3 þ 2ZrZr þ OO→2ZrO2 þ 2Y
0
Zr þ V••O ð1Þ
This calculated reduction in solution enthalpy in forming a tetrago-
nal phase highlights the stabilizing effect that substituting Y has in the
ZrO2 system.
Further calculations were performed to investigate accommodation
of an extra oxygen atom into the Y-containing monoclinic and tetrago-
nal polymorphs of ZrO2. The additional oxygenwas placed directly onto
the charge balancing vacancy site. After relaxation, a configuration con-
sistent with the peroxide ion defect formed through the lattice relaxa-
tion procedure. To gauge the propensity for oxygen to enter the
monoclinic or tetragonal structures, solution was considered from mo-
lecular oxygen. The solution enthalpy was computed to be −0.03 eV
and 0.79 eV in the monoclinic and tetragonal structures containing the
{2YZr′:VO••}× defect cluster, respectively. The O\\Obonddistances associ-
ated with the defect were 1.49 Å and 1.48 Å in the monoclinic and te-
tragonal structures: consistent with the peroxide ion (O22−) [37].
The near-zero solution enthalpy of O2 into monoclinic ZrO2 contain-
ing {2YZr′:VO••}×, aswell as the low energy computed for solution into the
tetragonal structure indicates that the stoichiometry in the (ZrO2)1-x
(Y2O3)x system can vary, depending on the polymorph present and
composition of the (ZrO2)1-x(Y2O3)x. The preference for oxygen accom-
modation in themonoclinic phase echoes the experimental observation
that the peak at 840 cm−1 was only observed in the sample with a sig-
nificant monoclinic phase fraction.
To calculate the vibrational wavenumber associated with the addi-
tional oxygen defect cluster (the neutral O22– peroxide ion), the cluster
was compressed and stretched along its axis in increments of 1.25%.
The spring constant was calculated by taking the derivative of the
energy-distance function. The wavenumber was then determined
from the spring constant via [9]:




where k is the spring constant in N/cm2, m is the mass of an oxygen
atom in kg, and c is the speed of light in cm/s.
Thewavenumbers associatedwith the O\\O stretchingmode, calcu-
lated in both the monoclinic and tetragonal structures, were 851 cm−1
and 804 cm−1, respectively. The extra peak observed in Fig. 2 at
840 cm−1 is therefore consistent with extra oxygen being accommo-
dated in the monoclinic PSZ structure through the formation of perox-
ide ions, that is, consistent with the experimental observationindicating the presence of themonoclinic polymorph and themodelling
prediction indicating the significant preference for excess oxygen to re-
side within the monoclinic polymorph.
To conclude: we have demonstrated through a combination of ex-
periment andmodellingmethods that the accommodation of excess ox-
ygen beyond the standard (ZrO2)1-x(Y2O3)½-x is plausible. The predicted
enthalpy of solution suggests that the solubility of oxygen in the mono-
clinic structure is favourable, whilst solubility of oxygen into the tetrag-
onal polymorphmay proceed only once entropic factors are considered
– both oxides forming the O22– peroxide defect, supported by Raman
spectra in this work. The Raman active stretching mode of this defect
was predicted and shown consistent with experimental observations
of the YSZ-8 which highlighted the formation of a new peak upon treat-
ment in 30% H2O2 solution. Further work to corroborate this prediction
could include NMR spectroscopy, carried out with oxygen-18 H2O2 so-
lution and alternative oxidation routes. The impact of deviation in stoi-
chiometry on the ionic conductivity in this material is of particular
interest when considering its long-term efficiency and behaviour for
fuel cell and related applications (it is not knownwhether the presence
of the defect will aid or hinder ionic conductivity). The results may also
play an interesting role in the mechanical degradation of yttria-doped
zirconias, potentially stabilizing or accelerating the formation of the
monoclinic phase (e.g. during so-called low temperature degradation
LTD [19]).
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